Objective Testosterone is a commonly abused androgen in sports and in the gym culture of the society. Its abuse is conventionally disclosed by urinary assay of the testosterone/epitestosterone (T/E) glucuronide ratio, which should not exceed 4. A noteworthy number of athletes, however, have higher natural ratios than 4, most likely because of decreased excretion of epitestosterone glucuronide. Falsely positive doping test results are of great concern for the legal rights of the sportsman. Our objective was to study the genetic aspects of epitestosterone formation, and to elucidate the impact of genetic variation in androgen-metabolizing enzymes.
Objective Testosterone is a commonly abused androgen in sports and in the gym culture of the society. Its abuse is conventionally disclosed by urinary assay of the testosterone/epitestosterone (T/E) glucuronide ratio, which should not exceed 4. A noteworthy number of athletes, however, have higher natural ratios than 4, most likely because of decreased excretion of epitestosterone glucuronide. Falsely positive doping test results are of great concern for the legal rights of the sportsman.
Our objective was to study the genetic aspects of epitestosterone formation, and to elucidate the impact of genetic variation in androgen-metabolizing enzymes.
Methods Urine from different study populations was analysed for androgen glucuronides by gas chromatography-mass spectrometry. All men were genotyped for the uridine diphosphoglucuronosyltransferase (UGT) 2B17 deletion polymorphism and single nucleotide polymorphisms in the cytochrome P-450c17a (CYP17), UGT2B15 and UGT2B7 genes. Expression of UGT2B15 mRNA in human liver samples was analysed using real-time PCR.
Results A T > C (A1 > A2) promoter polymorphism in the CYP17 gene was associated with the urinary glucuronide levels of epitestosterone and its putative precursor androstene-3b, 17a-diol, resulting in 64% higher T/E ratios in A1/A1 homozygotes. Individuals devoid of UGT2B17 had significantly higher UGT2B15 mRNA levels in liver than individuals carrying two functional UGT2B17 alleles.
Conclusion The CYP17 promoter polymorphism may partly explain high natural ( > 4) T/E ratios. Our data indicate that 5-androstene-3b, 17a-diol is an important precursor of epitestosterone and that CYP17 is involved in its production. In addition, we found that lack of the UGT2B17 enzyme may be compensated for by increase in UGT2B15 transcription. 
Introduction
Anabolic androgenic steroids were added to the International Olympic Committee's list of banned substances in 1975. Since then it has always been a challenge to detect abuse of naturally occurring steroids, such as testosterone. In 1982, the urinary ratio between testosterone and epitestosterone glucuronides (EGs) was introduced as a test to detect testosterone abuse with an authorized upper limit of 6.0, which was later lowered to 4.0. The mean ratio in Caucasian populations is 1.0-2.0 [1, 2] , whereas in Asians the mean ratio is considerably lower [3, 4] . We have shown that the reason for this ethnic disparity in testosterone/epitestosterone (T/E) ratio is strongly associated with a deletion mutation in the gene of the major catalyst of testosterone glucuronidation, UGT2B17 [4] , and that individuals homozygous for this mutation (del/del ) may not reach a T/E ratio of 4 after a single intramuscular dose of testosterone (unpublished data). The deletion polymorphism is six times more common in a Korean compared with a Swedish population [4] . There are also individuals that have naturally higher T/E ratios than 4 [5] [6] [7] [8] , most likely because of decreased excretion of EG [5, 7] . The reason behind low levels of urinary EG is unknown.
Epitestosterone is a naturally occurring 17a-hydroxy epimer of testosterone. Although it has a central role in doping tests, very little is known about its physiological role and how it is formed in humans. No clear results have been published about the potential precursor(s) of epitestosterone in vivo, although 5-androstene-3b, 17a-diol (Ae-17a-diol) has been suggested to be the main precursor [9] . Weusten et al. [10] showed that Ae-17a-diol is synthesized from pregnenolone in a single step, most probably by direct action of CYP17. The details in testosterone formation and the proposed epitestosterone formation are shown in Fig. 1 .
CYP17 plays a central role in steroid metabolism, catalysing the 17a-hydroxylation of pregnenolone and progesterone [11] (Fig. 1) . A T > C exchange in the promoter region of the CYP17 gene, adding a putative binding site for the Sp1 transcription factor has been described [12] . The T > C polymorphism gives rise to the A1 and A2 alleles. It has been postulated that the variant genotype (-34C, A2 allele) may increase transcription.
Testosterone is excreted mainly as glucuronide conjugates after metabolism by uridine diphospho-glucuronosyl transferases (UGT). We demonstrated that a deletion polymorphism in the gene coding for UGT2B17 [13] is strongly associated with testosterone glucuronide levels in urine [4] . Even though 66% of the variation in the T/E ratio is explained by the UGT2B17 polymorphism [4] , other enzymes may be important in the androgen excretion and influence the T/E ratio, especially in individuals homozygous for the UGT2B17 deletion (del/del).
Testosterone and the more potent androgen dihydrotestosterone (DHT) are in addition to UGT2B17 also conjugated by UGT2B15 [14, 15] . A G to T polymorphism in the UGT2B15 gene, resulting in an aspartate (encoded by UGT2B15*1) to tyrosine (encoded by UGT2B15*2) at position 85 [16] exist. The polymorphism has been associated with altered glucuronidation activity in vitro [16] and with decreased serum levels of DHT in vivo [17] .
Another member of the UGT2B enzyme family, UGT2B7, has been shown to have the capacity to conjugate epitestosterone [18] . Testosterone and DHT are not major substrates of this enzyme, although two of their metabolites, androsterone and androstane-3a 17b-diol (Aa-3a-diol) ( Fig. 1) , are mainly deactivated by UGT2B7 [19] . A histidine (UGT2B7*1) to tyrosine (UGT2B7*2) polymorphism at amino acid 268 has been described in the UGT2B7 gene, with an allele frequency that differs significantly between Caucasians and Japanese [20] . UGT2B7*2 has been associated with increased testosterone levels in serum, whereas no association with baseline levels of urinary epitestosterone or testosterone was found [21] .
In this study, the impact of polymorphisms in the genes CYP17, UGT2B7 and UGT2B15 on androgen excretion was determined as well as the gene expression of UGT2B15 in individuals devoid of the UGT2B17 enzyme.
Materials and methods

Study populations
Testosterone challenge study
Study participants included 52 healthy male volunteers aged 18-50 years (mean 30.6 ± 7.0 years) with either two, 
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Metabolic pathways of formation and degradation of testosterone and epitestosterone. The dotted line is the suggested pathway for epitestosterone formation. 3G, Aa-3a-diol-3 glucuronide; 17G, Aa-3a-diol-17 glucuronide; Aa-3a-diol, 5a-androstane-3a, 17b-diol; Ae-17a-diol, 5-Androstene-3b, 17a-diol; Ae-17b-diol, 5-androstene-3b, 17b-diol; aedione, 4-androstenedione; DHT, dihydrotestosterone; EG, epitestosterone glucuronide; HSD, hydroxysteroid dehydrogenase; TG, testosterone glucuronide; UGT, UDP glucuronosyltransferase. In total 15 del/del, 23 ins/del and 14 ins/ins participants completed the study. The participants were given 500 mg of testosterone enanthate as a single intramuscular dose of Testoviron-Depot (kindly provided by Schering Nordiska AB, Solna) equivalent to 360 mg testosterone. Before administration (day 0) urine samples were collected for analyses. Urine was further collected on days 1-9, 11, 13 and 15. All samples were collected between 07 : 00 and 11 : 00 h. Adverse drug reactions were monitored from the time of screening until day 15 after administration of testosterone. No major adverse drug reactions were registered. No follow-up was needed. The study was conducted according to the Helsinki declaration and the ICH Harmonised Tripartite Guideline for Good Clinical Practice.
Korean population
The Korean population included 72 unrelated male participants aged 21-39 years (mean 26.3 ± 3.5 years) who were recruited among medical students and personnel at Inha University Hospital. Their health status was assessed by medical questionnaire. All participants in this study participated voluntarily after giving informed consent. Venous blood was obtained from the cubital vein and collected in ethylenediaminetetraacetic acid tubes for DNA extraction. Spot urine samples were collected and immediately frozen at -201C. The study was approved by the Institutional Review Board at Inha University Hospital and the Ethics Committee at Karolinska Institutet.
The GOOD study
The sample included 113 Caucasian men aged 18.0-20.1 years (mean 18.9 ± 0.6 years), who were selected randomly from the Gothenburg Osteoporosis and Obesity Determinants study (n = 1068), initiated with the aim to determine both environmental and genetic factors for bone and fat mass, in which study participants were randomly identified using national population registers, contacted by telephone, and asked to participate in the study. Venous blood was obtained from the cubital vein and collected in ethylenediaminetetraacetic acid tubes for DNA extraction. Spot urine samples were collected and immediately frozen at -201C. The study was approved by the Ethics Committee at Gothenburg University, and written informed consent was obtained from all participants.
Genotyping
Copy number analysis of UGT2B17
In the participants of the Testosterone challenge study the copy number of the UGT2B17 gene was assessed by real-time PCR analysis. Ten nanogram of genomic DNA was used in each reaction together with 2xTaqMan Universal Master Mix (Applied Biosystems, Foster City, California, USA) and UGT2B17 exon 6-specific primers [13] and an exon 6-specific probe (VIC-CAGTCT TCTGGATTGAGTTT-MGB). Expression of albumin was quantified as endogenous control as described by Schaeffeler et al. [22] . Both reactions were run in 25 ml volume on the same plate. The probe concentrations were 100 nmol/l in each assay and the primer concentrations were 900 and 600 nmol/l for the UGT2B17 and albumin specific reactions, respectively. The PCR profile consisted of an initial denaturation step at 951C for 10 min followed by 40 cycles of 921C for 15 s and 601C for 1 min. The effect of DNA concentration on PCR efficiency was determined using a control DNA in a dilution series of 20, 15, 10, 7.5, 5 and 2.5 ng per reaction. A known ins/del sample was chosen as calibrator. It was set to 1 and the relative quantification (RQ) was calculated using the ddCT method [23] . When the cycle threshold (Ct) values of UGT2B17 and albumin were plotted versus log DNA concentration, the PCR efficiency for the UGT2B17 and albumin reaction was similar, 97 and 95%, respectively, and the difference between the slopes (Ct target -Ct ref ) was less than 0.1 showing that the DCt calculation could be applied [23] . Samples in which only albumin signal was observed were considered as homozygous for the deletion allele (del/del). Individuals with one allele (ins/del) had a mean RQ value of 1.04 (range: 0.89-1.28) and individuals with two gene-copies (ins/ins) showed a RQ value of 2.26 (range: 1.95-2.62). No overlap was observed between the groups demonstrating an unequivocal interpretation of genotyping results. The Korean participants were genotyped as described previously [4] .
CYP17
The T > C substitution in the promoter region of CYP17 in the participants of the Testosterone challenge study was investigated as described previously [24] . Briefly, the CYP17 gene fragment was amplified by polymerase chain reaction using 300 ng of genomic DNA in a 25-ml reaction. The PCR products were cleaved with the restriction enzyme MspA1, which recognizes the base pair substitution, and subsequently analysed on a 1.5% agarose gel.
The GOOD study participants were genotyped using the Sequenom MassARRAY MALDI-TOF system (San Diego, California, USA) at the SWEGENE Core Facility. The system analyses allele-specific primer extension products using mass spectrometry. Assay design was made using the SpectroDESIGNER software (Sequenom, San Diego, California, USA). Primers were obtained from Metabion (Martinsried, Germany). PCR primers 5 0 -ACGTTGG ATGCTAGAGTTGCCACAGCTCTT-3 0 , 5 0 -ACGTTGG ATGTAAGCAGCAAGAGAGCCACG-3 0 , and mass extend primer 5
0 -CAGGCAAGATAGACAGC-3 0 were used.
Owing to limited access of DNA, CYP17 genotyping of the Korean population samples was conducted by a 5 0 -nuclease activity method using TaqMan SNP Genotyping Assay (___2852784-1) from Applied Biosystems. The PCR reaction was carried out in 12.5 ml volume including 20 ng of genomic DNA, 2xTaqMan Universal Master Mix (Applied Biosystems). The PCR profile consisted of an initial denaturation step of 951C for 10 min followed by 40 cycles of denaturation at 921C for 15 s and annealing/ elongation at 601C for 1 min. The fluorescence signal was measured with an ABI 7700 Sequence Detector (Applied Biosystems).
UGT2B15
The UGT2B15*1 and *2 polymorphism was genotyped using the primers described by Park et al. [25] . A 215-bp PCR product was amplified in a 30-ml reaction containing 100 ng of genomic DNA, 2.5 mmol/l of MgCl 2 , 200 mmol/l of dNTP, 10 pmol of each primer and 0.05 U Taq Polymerase (Applied Biosystems). The cycling conditions were as follows: initial denaturation at 941C for 5 min followed by 40 cycles of denaturation of 93.51C for 30 s, annealing at 561C for 30 s and elongation at 721C for 60 s. The products were digested with Sau3AI, which recognize and cleave the Asp allele into a 187-bp fragment.
UGT2B15 genotyping of the Korean population samples was conducted by 5 0 -nuclease activity method using TaqMan SNP Genotyping Assay (___27028164-10) from Applied Biosystems. The PCR reaction was performed as described above.
UGT2B7
The UGT2B7*1 and *2 polymorphism was genotyped using the primers and probes described by Swanson et al.
[21] in a 25-ml reaction. The PCR reaction was performed as described above.
Urine analysis
Urinary unconjugated steroids (typically < 3% of glucuronide fraction) + steroid glucuronides were determined by gas chromatography-mass spectrometry after hydrolysis of the conjugates with b-glucuronidase as described [26] with minor modifications [6] . In addition to testosterone and epitestosterone, the putative epitestosterone precursor, Ae-17a-diol, the androgen metabolites 5a-Aa-3a-diol, and androsterone were measured. The within and between assay coefficients of variation for all steroids analysed were less than 7 and 10%, respectively.
RNA and complementary DNA preparation
Seventeen human liver tissue samples and DNA were obtained from 14 Caucasian and three Asian human donor livers. The donor samples were genotyped for the UGT2B17 polymorphism as described previously [4] . Total RNA was extracted from the liver specimens using Qiagen RNeasy MiniKit (Hilden, Germany) according to manufacturer's protocol, and RNA was reverse transcribed into complementary DNA (cDNA) with an oligo(T) 18 primer using First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Burlington, Canada) according to the manufacturer's protocol. The cDNA was diluted 10 times before real-time PCR analysis. The Ethics Committee of Karolinska Institutet at the Karolinska University hospital approved this part of the study.
Quantitative real-time PCR
Primer sequences for UGT2B15 real-time assay have previously been described [27] . Beta-actin (Applied Biosystems) was chosen as an endogenous housekeeping control gene. Quantitative real-time PCR was performed using the ABI 7500 Fast PCR Detection System (Applied Biosystems). Reaction mixtures contained 1xPower SYBR Green PCR master mix (Applied Biosystems), 0.25 mmol/l primers, 5 ml cDNA template in a total volume of 25 ml. Thermal cycling conditions included activation at 951C (10 min) followed by 40 cycles each of denaturation at 951C (15 s) and annealing/elongation at 601C (1 min). Each reaction was performed in triplicate and no template controls were included in each experiment. The relative expression was calculated using the deltadeltaC(T) method [28] using an UGT2B17 ins/ins sample as a calibrator.
Data analyses
The between-participant variability in urine dilution was corrected by dividing the concentration values by the urinary creatinine (cr) concentration. All urinary values are expressed as the unconjugated (typically < 3% of total fraction) + the glucuronic acid conjugated fraction after correction for cr.
Caucasian participants refer to the Caucasians from the Testosterone challenge study (n = 40) together with the Caucasians from the GOOD study (n = 113) if nothing else is stated.
Existence of Hardy-Weinberg equilibrium was tested using w 2 analysis. Urinary steroid levels were compared using the Student's t-test or analysis of variance followed by the Tukey's post-hoc test for the evaluation of differences between the individual genotypes, with P value of less than 0.05 regarded as significant. Liver cDNA levels were not normally distributed and were compared using Kruskal-Wallis analysis followed by Dunn's multiple comparison post-hoc test with P value of less than 0.05 regarded as significant.
Results
Influence of the CYP17 polymorphism
The genotype and allele frequencies of the CYP17 T > C (A1 > A2) promoter polymorphism in the different population samples are listed in Table 1 . The genotype frequencies were in Hardy-Weinberg equilibrium.
Caucasian participants with either one or two A2 alleles had significantly higher urinary excretion of EG and the putative epitestosterone precursor Ae-17a-diol glucuronide (Ae-17a-diolG) [4.1 (range: 0.8-14) ng/mmol cr and 7.4 (range: 2.1-34) ng/mmol cr] than Caucasians homozygous for the A1 allele [2.6 (range: 0.5-7.2) ng/mmol cr, and 6.3 (range: 0-15) ng/mmol cr; P < 0.001 and P = 0.018] (Fig. 2) . In Korean participants this difference was only observed for Ae-17a-diolG [5.6 (range: 1.9-18.4) ng/mmol cr vs. 3.7 (range: 0-8.2) ng/mmol cr; P = 0.0028].
The CYP17 single nucleotide polymorphism was also found to be associated with the T/E ratio, but only in UGT2B17 ins/ins and ins/del participants of Caucasian origin (n = 138). Individuals homozygous for the A1 allele exhibited 64% higher T/E ratios than the A2-carriers (2.9 and 1.8, respectively; P = 0.0008), whereas no association was observed in the Korean participants (n = 16).
Influence of the UGT2B15 polymorphism
The genotype and allelic frequencies of the UGT2B15 polymorphism in the different population samples are listed in Table 2 . The genotype frequencies were in Hardy-Weinberg equilibrium. The allele frequencies of the GOOD study have been published elsewhere [17] .
The polymorphism did not affect the baseline urinary androgen excretion in the Caucasian population sample of the GOOD study (data published previously by Swanson et al. [17] ). Nor was there any association in the Testosterone challenge study between the UGT2B15 genotype and any of the glucuronidated metabolites excreted in urine after testosterone administration. Among the Korean UGT2B17 del/del individuals, UGT2B15*1/*1 participants had significantly higher excretion of androsteroneG and Aa-3a-diol glucuronide (Aa-3a-diolG) excretion than individuals with one or two *2 alleles (Table 3) . No association was observed between the UGT2B15-specific mRNA levels in liver and the UGT2B15 polymorphism (not shown). Our mRNA expression analysis from six UGT2B17 del/del, four ins/del and seven ins/ins livers, however, indicated that individuals devoid of UGT2B17 had higher relative mRNA levels of UGT2B15 in liver than individuals carrying the UGT2B17 ins/ins genotype (P = 0.042) (Fig. 3) . Individuals homozygous for the UGT2B17 deletion exhibited 4.5 times more UGT2B15 mRNA than UGT2B17 ins/ins participants.
Influence of the UGT2B7 polymorphism
The genotype and allele frequencies of the UGT2B7*2 polymorphism in the different population samples are listed in Table 2 . The genotype frequencies were in Hardy-Weinberg equilibrium. The allele frequencies of the GOOD study have been published elsewhere [21] . The polymorphism did not have any significant impact on urinary androgen excretion, including Aa-3a-diolG and androsteroneG, in the Caucasians of the GOOD study (data published previously by Swanson et al. [21] ) or Korean population sample (Table 3) .
Urinary epitestosterone and Ae-17a-diol levels after testosterone administration
After the intramuscular testosterone administration, urinary Ae-17a-diolG and EG excretion decreased in a parallel matter (Fig. 4) . The levels of urinary dehydroepiandrosteroneG did not change after the testosterone dose (Fig. 4) .
Discussion
Here, we show that a T > C (A1 > A2) promoter polymorphism in the CYP17 gene is associated with EG levels in urine in Swedish Caucasian individuals. Participants carrying the A2/A2 or the A1/A2 variant had 1.6 times higher urinary levels of EG compared with individuals homozygous for the A1 allele. The CYP17 Table 1 Genotype and allele frequencies of the CYP17 A1 > A2 promoter polymorphism in a group of male Swedish Caucasian (n = 153) and Koreans (n = 72) The Swedish Caucasian group (n = 153) consisted of the GOOD study (n = 113) and the Caucasians from the Testosterone challenge study (n = 40).
polymorphism and the low EG excretion in the A1/A1 participants may partly explain why some individuals have naturally elevated ( > 4) T/E ratios [5] [6] [7] [8] . This is of interest because falsely positive doping test results are of great concern for the legal rights of the sportsman. The urinary EG concentrations in 138 Swedes ranged from 0.5 to 14 ng/mmol cr (mean 3.4 ng/mmol cr). Out of the 14 Swedish participants with urinary EG levels below 1 ng/ mmol cr, 10 were homozygous for the A1 allele and one was homozygous for the A2 allele.
Interestingly, the CYP17 polymorphism is also associated with the putative epitestosterone precursor, Ae-17a-diol in both the Korean and the Swedish participants.
There is no consensus whether the D 5 pathway via Ae17a-diol or the D 4 pathway via androstenedione (Fig. 1) is predominant in epitestosterone formation in humans. It is known that urinary Ae-17a-diolG [29] and EG [4, [29] [30] [31] ] levels decrease after exogenous testosterone administration. Here, we show that Ae-17a-diolG levels decrease in parallel with EG after an intramuscular dose of 360 mg of testosterone (Fig. 4) , whereas dehydroepiandrosteroneG levels did not follow this pattern. This effect may be exerted by a feed-back mechanism via the follicle-stimulating hormone and luteinizing hormone, which may control the CYP17 catalysed synthesis of Ae17a-diol and EG but not the adrenal formation of DHEA. These findings, and the significant association between CYP17 and the urinary levels of EG and Ae-17a-diolG are consistent with that the D 5 pathway is predominant in humans and that a large part of the formation of epitestosterone is catalysed via a direct pathway from pregnenolone to Ae-17a-diol [10] .
We were unable to show an association between the EG levels and the CYP17 polymorphism in the Korean population. The reason for this may be lack of statistical power as we had only 72 Korean individuals in the study. Another explanation may be that we only measured the glucuronide conjugate fraction in urine, which is the favoured metabolic pathway of epitestosterone [5, 32] . Epitestosterone is also excreted as sulphate conjugates and it is possible that we would have seen the effect of the CYP17 polymorphism in the Korean population if the total urinary epitestosterone fraction was measured, as the effect was seen for the putative epitestosterone precursor Ae-17a-diol.
Heracek et al. [33] found significantly increased epitestosterone levels in prostate cancer tissues compared with CYP17 A1 > A2 polymorphism and urinary epitestosterone glucuronide (EG) (left panel) and androstene-3b, 17a-diol glucuronide (AediolG) (right panel) levels in Swedish and Korean men. Swedes carrying the A2/A2 or A1/A2 have significantly higher EG and AediolG levels than A1 homozygous (P < 0.001 and < 0.5). Korean A2/A2 + A1/A2 carriers had significantly higher AediolG levels than A1/A1 carriers (P < 0.01), but there were no statistically significant differences in EG levels. cr, creatinine. [34, 35] . Elucidation of the impact of genetic variability on the formation and excretion of epitestosterone is important to increase our understanding of the role of androgens in the pathology of endocrine organs. In addition, increased knowledge will improve the interpretation of doping test results.
Genetic variation in UGT2B15 seems to have the largest impact on androgen disposition in participants devoid of the UGT2B17 gene. Interestingly, in these individuals UGT2B15-specific mRNA hepatic levels were significantly higher than in individuals with two functional alleles of UGT2B17. We postulate that a lack of the UGT2B17 enzyme is compensated for by an increase in UGT2B15 transcription. Both enzymes are major catalysts in androgen inactivation and highly abundant in the prostate although located in different cell types [19] . Two studies have found an association with UGT2B17 deletion and prostate cancer [36, 37] , whereas a large populationbased study was unable to confirm these findings [38] . It is possible that the intraglandular androgen homeostasis is compromised by the deletion and that backup of UGT2B15 strives to maintain physiological levels of androgens in the prostate. We have recently shown that UGT2B15 is mainly involved in the 17-glucuronidation of 5a-Aa-3a-diol and that the *1 variant of the UGT2B15 polymorphism is associated with higher serum Aa-3a-diol 17G [17] . In contrast, there was no significant association between the UGT2B15 polymorphism and urinary androgen levels in the Swedish participants. Unfortunately, our urine analysis method did not allow us to separate Aa-3a-diol 3G from Aa-3a-diol 17G and because UGT2B15 seems to be rather selective towards the 17b-hydroxy position [14, 17] , it is possible that a more sensitive method is required to detect an association between urinary Aa-3a-diolG levels and the UGT2B15 polymorphism.
When considering only UGT2B17 del/del Korean participants (n = 55), however, the individuals homozygous for the *1 variant had significantly higher urinary levels of Aa-3a-diol (3G + 17G) and androsteroneG, supporting Values are given as mean ± SD and compared by analysis of variance. Aa-3a-diol, 5a-androstane-3a, 17b-diol; Epit, epitestosterone; G, glucuronide; NS, nonsignificant. 
Relative mRNA expression of UGT2B15 in human liver samples with 0 (del/del ), 1 (ins/del ) or two (ins/ins) copies of the UGT2B17 gene. the notion that UGT2B15 may compensate for the absence of UGT2B17, and that UGT2B17 del/del participants are more affected by the UGT2B15 polymorphism than participants with a functional UGT2B17 enzyme. Earlier results on the UGT2B15 polymorphism are conflicting. An early in-vitro report indicated that the *2 variant has higher activity than the *1 variant [16] , whereas a later report claimed that the *1 variant had higher glucuronidation activity than the *2 variant [39] .
Unfortunately, only two individuals in our del/del group in the Testosterone challenge study were homozygous for the *2 genotype, which precluded any attempts to draw any conclusions about the role of the UGT2B15 polymorphism for testosterone excretion after a testosterone challenge.
We have recently shown that the UGT2B7 polymorphism is independently associated with cortical bone size and serum sex steroid levels in young adult men and that participants homozygous for the *2 allele had higher serum testosterone levels than participants homozygous for the *1 allele [21] . UGT2B7 has been suggested to be a catalyst of epitestosterone glucuronidation [18] , and genetic variation in this gene may, in addition to the CYP17 polymorphism, partly explain the interindividual variation in urinary EG levels. The UGT2B7 polymorphism, however, did not have any impact on EG levels or any other urinary androgen levels investigated here, regardless of presence or absence of the UGT2B17 gene.
In conclusion, we have shown that the A1 > A2 promoter polymorphism in the CYP17 gene is significantly associated with urinary Ae-17a-diol glucuronide levels in Swedish and Korean participants, as well as EG levels in Swedes, giving rise to 64% higher T/E ratios in individuals homozygous for the A1 allele. Our data are consistent with previous results indicating that Ae-17a-diol may be the main precursor of epitestosterone in humans and that this precursor is directly formed from pregnenolone by CYP17.
We also demonstrate that individuals homozygous for the UGT2B17 deletion seem to compensate this deficiency with a higher expression of UGT2B15. As a consequence, polymorphisms in UGT2B15 may have a larger impact on androgen disposition in individuals devoid of UGT2B17 than in individuals with a functional enzyme. Our results may have implications for the interpretation of tests for testosterone doping.
